Abstract In this review we discuss the population of stellar-mass black holes in our galaxy and beyond, which are the extreme endpoints of massive star evolution. In particular we focus on how we can attempt to balance the available accretion energy with feedback to the environment via radiation, jets and winds, considering also possible contributions to the energy balance from black hole spin and advection. We review quantitatively the methods which are used to estimate these quantities, regardless of the details of the astrophysics close to the black hole. Once these methods have been outlined, we work through an outburst of a black hole X-ray binary system, estimating the flow of mass and energy through the different accretion rates and states. While we focus on feedback from stellar mass black holes in X-ray binary systems, we also consider the applicability of what we have learned to supermassive black holes in active galactic nuclei. As an important control sample we also review the coupling between accretion and feedback in neutron stars, and show that it is very similar to that observed in black holes, which strongly constrains how much of the astrophysics of feedback can be unique to black holes.
ered. Only a tiny subset, the tip of the tip of the iceberg, are revealed to us via the extreme luminosities which can be produced via accretion.
These stellar mass black holes are the sites of the most extreme gravitational curvature in the present-day universe, and potentially the best tests of general relativity available to us (Psaltis 2008 ). However, in this review we will concentrate on what are the outcomes of the accretion process, rather than the details of the astrophysics which occur close to the event horizon. Somehow, the black hole contrives to feed back to the surrounding universe a large fraction of the energy it could potentially have swallowed, in this way acting to heat its environment rather than acting as a sink. We can attempt to balance the budget of spin, fuel, advection, kinetic and radiative feedback within a black box which contains the black hole and its accretion flow, to try and discern the patterns which occur there. This is important across a wide range of scales, comparable to the mass range of black holes themselves: from heating of our local environment (there must be isolated black holes and neutron stars within a few parsecs of us doing just this), to the feedback from AGN which, it seems, regulated the growth of the most massive galaxies.
The outline of this review is as follows. We begin with a very simple introduction to accretion, followed by an up to date picture of the phenomenology of accretion and feedback associated with stellar mass black holes accreting in binary systems. We will take the reader through the various methods used to try and estimate the power associated with different forms of feedback (steady and transient jets, accretion disc winds), and then run through the course of an X-ray binary outburst to see how feedback varies and how the accumulated flavours of feedback stack up against each other. We shall discuss the evidence that what we have learned from stellar mass black holes may be applicable to AGN, which may be important for galaxy formation. Finally, we shall wrap up with an up to date summary of the relation between accretion and feedback in neutron stars, and show that it very closely resembles that observed in black holes.
Accretion
Accretion is the process whereby an object captures matter as a result of its gravitational attraction. The accreted matter has therefore necessarily fallen into a deeper gravitational potential and energy is liberated. In the simplest case of an object initially at rest and left to fall towards the gravitating object, the potential energy converts to kinetic energy. If the central accreting object has, like nearly everything in the universe, a surface, then this kinetic energy must convert into other forms when the object is stopped at the surface. In the case of a black hole, our simple infalling object would just cross the event horizon and vanish from our part of the universe, advecting this kinetic energy.
The energy change per unit mass in falling from infinity to a radius R outside of a gravitating mass M is: Fig. 1 Accretion and ejection. The gridded surface illustrates a simple Newtonian gravitational potential. In (a) mass is accreted onto a central object, which results in the (isotropic, usually) release of radiation to infinity. However, this liberated accretion energy can also feed back to the environment via jets and winds. In (b) we illustrate (more stylistically than realistically) the (anisotropic) loss of mass and energy in a jet from close to the central accretor, or in a wind further out. If ejected mass is not to fall back, it needs to exceed the local escape velocity, which sets a minimum speed. As a result, in order to eject all of the incoming mass back out to infinity you would need a perfect engine and no other release of energy e.g. radiation. Much more likely is either/both of a jet with a relatively low (compared to the inwards accretion rate) mass loading, or ejection of significant mass from further out in the gravitational potential (wind), powered by the central accretion of mass.
This demonstrates that the amount of liberated energy is proportional to the ratio of mass to radius: more compact → more efficient accretion. Fig 1 illustrates , schematically and extremely simply, the release of energy via accretion, and the resulting feedback to the environment in terms of radiation, jets and winds.
However, nearly all matter in the universe has angular momentum, which means that it will not fall directly into the black hole. Simple thought experiments, detailed theory, and numerical simulations suggest that in fact an accretion disc will form, in which the accreting matter moves in to the central accretor via a set of essentially circular orbits. Direct observational evidence for such discs exists in the form of spatially and spectrally resolved rotating flows around supermassive and stellar mass black holes. For a sample of the extensive background on this subject the reader is directed to e.g. Pringle & Rees (1972) , Shakura & Sunyaev (1973) , Papaloizou & Lin (1995), Lin & Papaloizou (1996) , Balbus (2003) , references therein and citations thereof. The term stellar mass black holes refers to black holes in the mass range from a few to perhaps 20 solar masses, i.e. those which could be direct endpoints of the evolution of a single massive star and whose masses do not represent any significant accumulation of mass via accretion or mergers (unlike, probably, many supermassive black holes in active galactic nuclei).
Stellar mass black holes
The best evidence for stellar mass black holes comes from optical spectroscopy of low mass X-ray binaries (where the low mass refers to the mass of the noncompact mass donor, being typically less than one solar mass) in quiescence, when the accretion disc is faint enough to allow the donor star to be detected and its radial velocity variations at the orbital period revealed. In several cases the mass function, an absolute minimum mass for the accretor, is well in excess of 3M , providing strong evidence for the existence of black holes. For a subset of these systems, a detailed modelling of their X-ray and/or optical fluxes as a function of time (lightcurves) allows estimation of the inclination of the binary, and subsequent constraint of the black hole mass with an uncertainty as small as 10% (e.g. Casares & Jonker 2014) . This method has yielded nearly 20 objects known as dynamical black holes; estimated physical dimensions of these are presented in Fig 2. Another ∼ 40 black hole candidates, share a strong phenomenology with the previous class, which is different from that observed from systems containing neutron stars, typically in the X-ray spectral and variability properties (e.g. van der Klis 2005, Muñoz-Darias et al. 2014). We shall refer to these systems collectively as the black hole X-ray binaries (BHXRBs).
The black hole discovery rate is currently limited by the (X-ray) outburst rate of black hole binaries, which is very small (∼ 2 per year) due to their low duty cycles (fraction of time they are X-ray active, typically perhaps 1%). Therefore, the above number (∼ 60) only accounts for a tiny fraction of the actual black hole binary galactic population, thought to be above ∼ 10 4 objects (e.g. Yungelson et al. 2006 ). They, similarly, only represent a small amount out of the total number of stellar mass black holes harboured in the Milky Way, that has been estimated to be in the range 10 8 -10 9 (Van den Heuvel 1992; Brown & Bethe 1994). The actual number depends on the supernova rate across the life time of our Galaxy and on details of the stellar evolution. Here, an important question to address regards the maximum mass for a stellar remnant to still be a neutron star, and the minimum to form a black hole. There is currently some discussion as to whether or not there may be a mass gap between neutron stars -the most massive known has ∼ 2M (Demorest et al. 2010) -and stellar mass black holes (> 4-5 M so far), but any conclusions drawn are necessarily tentative due to uncertainty about selection effects and the aforementioned, poor statistics (see e.g. discussion inÖzel et al. 2010).
Patterns of disc-jet coupling
The clear phenomenological connection between accretion and outflow in BHXRBS has been detailed in many reviews over the past few years, and we refer the interested reader to Fender & Belloni (2012) and references therein. In short, there are a small number of accretion 'states' which correspond to patterns of behaviour in Xray spectra and timing properties (as revealed in Fourier power spectra), and these seem to have a well defined connection to modes of outflow; see Figs 3, 4. As a function of time, an outburst progresses through the following stages:
• A 'hard' state, in which the X-ray spectrum is dominated by a component which peaks around 100 keV is likely to originate in thermal comptonisation, although there may be some contribution from jet (or other) synchrotron emission. This Fig. 3 Patterns of accretion:outflow in black hole X-ray binaries. The diagram presents X-ray monitoring of the black hole binary GX 339-4, which completed the path A → F on a timescale of about one year. Hard X-ray states (to the right) are associated with (quasi-)steady jet production and little or no winds. Conversely, the soft states to the left are associated with strong accretion disc winds and no strong core jet. Transitions between hard and soft X-ray states are associated with large, sometimes multiple, discrete ejection events. From Fender & Belloni (2012) , to which the interested reader is directed for more references in this area, and which combined primarily the phenomenology first described in Fender, Belloni & Gallo (2004) and Ponti et al. (2012) .
state, associated with a powerful, quasi-steady jet, is associated with the initial rise of the transient • At some X-ray luminosity, typically ≥ 10% of the Eddington luminosity, the source passes briefly through a phase or phases of transient discrete ejections, and progresses to the 'soft' state. This state has an X-ray spectrum which peaks at about 1 keV, probably arising from an optically thick accretion disc. • In the 'soft' state there is a much weaker or non-existent core jet and a strong accretion disc wind.
• Eventually (on average a handful of months later) the outburst fades and the system switches back to the hard state, typically around 1% of the Eddington X-ray luminosity, and the wind switches off and the jet back on.
The jet phenomenology described above is rather well established via a large (100s) number of radio observations, although many details remain to be filled in. However, much more needs to be established about the duty cycle of the accretion disc wind in the soft state, which is crucial to the calculations outlined next.
Feedback
The balance between black hole spin, the available accretion energy, advection, and the radiative and kinetic feedback can be summarised as:
Where P spin and P accretion are the 'input' powers provided at any given moment (which may change throughout an outburst) from the black hole spin and accretion of mass, respectively. On the other side of the equation we have the 'sink' terms for this power: L bolometric is the bolometric radiative output, L kinetic is the feedback of kinetic energy to the environment (via jets and winds), L advected measures the amount of available power which is actually advected across the black hole event horizon. Obviously, L advected is a term unique to black holes. We further note that while P accretion ≥ 0, the term P spin can be positive or negative. While commonly considered in terms of a rapidly spinning black hole having 'extra' power available to put into e.g. a jet, a non-rotating black hole which begins to accrete will begin to gain spin energy, and act as a sink for the available power. Spin-up and spin-down of neutron stars is routinely observed in observations of X-ray pulsars (e.g. Bildsten et al. 1997). The equation, being essentially a statement of the conservation of energy, is reminiscent of the first law of thermodynamics (and is equally susceptible to the addition of further terms).
As is common practice, we can write the available accretion power as
Where η parametrises the accretion efficiency andṁ is the accretion rate. The total kinetic feedback can be crudely divided into that associated with (relativistic) jets and (non-relativistic) winds, since these appear to be the main modes, apparently mutually exclusive, in black hole X-ray binaries:
Thus an expanded form of equation 1 can be written as:
While the details of the inner accretion flow, including the jet formation region, can potentially probe some of the most exciting astrophysics in the entire universe, they are extremely hard to measure via the approaches outlined in this review. However, what we can do is try to balance equations (1, 4) to see how black holes take available accretion energy and convert it into radiation and kinetic power which affects the environment. As we shall see, we have the tools to estimate a number of the above terms, and can make good progress towards understanding the balance of power in accreting black hole. However, the fact that some of the terms are not independent (in the ways they are estimated), and others evade easy estimation, means that we are a long way from a comprehensive solution to this energy balance.
Radiation
This is in principle the easiest of the quantities to measure, at least at high accretion rates (more than say 1% of the Eddington accretion rate), where the radiative output appears to be dominated by X-ray emission (naturally, considering the energy release and size scale -see Frank, King & Raine 2002) . Bolometric corrections to the 1-10 keV emission have been estimated to be ∼ 2 in the 'soft' X-ray state and ∼ 5 in the 'hard' state (e.g. Migliari & Fender 2006) . Considerable uncertainties exist regarding exactly how this bolometric correction may change throughout an outburst, as the high-energy cutoff (typically ∼ 100 keV in the hard state) may evolve significantly. On the other hand, the well-measured bolometric luminosity of Cyg X-1 appears to change by less than 50% in the 1.3-200 keV band during a hard → soft(/intermediate) state transition (Zhang et al. 1997 ; see Fig 4) .
On radiative efficiency
While it is generally accepted that the soft, disc-dominated, accretion states should be radiatively efficient, with η ∼ 0.1, it is far less clear how radiatively efficient the hard states are. A common interpretation of the hard (hot) states is that they are advection-dominated, in which much of the available accretion energy is 'trapped' in hot ions which cross the event horizon before they can radiate (e.g. Ichimaru where c > 1. A commonly accepted value is c ∼ 2, which fits nicely into pictures of accretion, radiative efficiency and feedback, considering the observed radio:Xray correlations in black hole (potentially inefficient) and neutron star (necessarily efficient) binaries (see below as well as discussions in e.g. Fender, Gallo & Jonker 2003; Coriat et al. 2011 ). However, the lack of a dramatic jump in luminosity at the transition from the hard (hot) to soft (cool) accretion flows, at least in Cyg X-1 (see previous section; Fig 4) already tells us that the radiative efficiency of the states must be comparable (at least in this case, and at this luminosity). This can lead to difficulties in connecting the accretion rate smoothly through an outburst (e.g. Russell et al. 2007 and later in this review).
One additional frustration for observers is that at accretion rates below ∼ 1% (of the Eddington luminosity, in X-rays), the peak of the emission from the accretion disc moves into the UV part of the spectrum, which is extremely hard to measure for nearly all galactic X-ray binaries, as it corresponds to a peak in the absorption and scattering of photons by dust in the interstellar medium (but see the case of XTE J1118+480 where observations were made: Hynes et al. 2003) .
In summary, there is a lot of uncertainty as to how the radiative efficiency evolves between the peak of an outburst and quiescence. In evaluating the black hole outburst later in the review, we shall consider both radiatively efficient (c = 1) and inefficient (specifically, c = 2) cases.
Jets
Jets from black hole X-ray binaries (BHXRBs), and indeed most classes of accreting object, are mainly revealed via their radio emission. This is not necessarily because they do not emit in other bands which are well observed, e.g. optical, X-ray, but that in those bands it is hard to distinguish jet emission from that produced by other processes (e.g. stars, accretion flows).
In black hole X-ray binaries the radio emission has essentially three 'modes', whose connection to the accretion state is phenomenologically clear (see section 2), but can be summarised as:
• Steady jet: in the hard state, the radio emission appears quasi-steady, with a flat spectrum • Transient ejections: during hard → soft state transitions, radio flares are observed which have been, in several cases, spatially resolved in blobs moving away from the central source with bulk Lorentz factor Γ ≥ 2.
• Off: in the soft state, the core radio jet appears to be completely off, with nondetections a factor of ∼ 100 below the expected level for the hard state (the best example is in Russell et al. 2011) In the following subsections we shall outline how to estimate the kinetic power associated with each of these types of radio emission.
Steady jets
In the hard X-ray state, flat-spectrum radio emission is seen whose flux density at GHz frequencies scales with the 1-10 keV X-ray luminosity roughly as
where 0.6 ≤ b ≤ 0.7 for the best-sampled sources, in particular for the very well sampled source GX 339-4, which is the subject of our detailed study later. Corbel et al. (2013) reports the state of the art for GX 339-4, which follows a correlation with b = 0.62 ± 0.01. Figure 5 shows the radio:X-ray correlation for three black hole binaries, including GX 339-4, as well as a much smaller sample of neutron stars. Very obvious is the fact that, while GX 339-4 and V404 Cyg show a nice power-law relation, in the black hole binary H1743-322 the situation is more complex. The reason behind the 'radio quiet' branch which H1743-322 appears to follow at Xray luminosities above about 10 36 erg s −1 is at present completely unclear, but this phenomena has been seen in an increasing number of sources. The correlation between GHz radio flux density and 3-9 keV X-ray flux in the black hole binaries GX 339-4, V404 Cyg and H1743-322 (from Coriat et al. 2012 ). GX 339-4 and V404 show a very clear correlation which for GX339-4 has been observed to be repeat very consistently between multiple different hard states, indicating a remarkable stability in jet formation (see also Corbel et al. 2013 for the complete data set on this source). H1743-322 is a clear example of a 'radio quiet' population which appear to occupy a lower, steeper, track in the plane at high luminosities, possibly rejoining the 'radio loud' track at L X ∼ 0.1% Eddington. This track is close to the region of the diagram for neutron stars, both in normalisation and slope (caveat rather few points for the neutron stars). The underlying reason for two separate branches remains a mystery.
The key issue is the relation between a measured core (generally unresolved) radio luminosity and the associated kinetic power, something which has been much explored not only for BHXRBs but also for the radio cores of AGN. Körding et al. (2006a) presented an approximate relation, calibrated on X-ray binaries but also (tentatively) applied to the cores of some low Eddington ratio AGN: (7) where L 8.6 is the radio luminosity calculated as
where d is the distance to the source and ν 8.6 = 8.6 × 10 9 is the frequency associated with 8.6 GHz. In other words, this is the radio luminosity assuming a flat spectrum to low frequencies.
As discussed in Körding et al. (2006a) , this function is quite similar to those derived by other means. As an example, in a recent review, Merloni & Heinz (2012) present an almost identical relation between radio core luminosity and inferred jet kinetic power,
0.81 (9) which was based up a sample of AGN for which radio cores could be measured at the same time as analysis of cavities and shocks in the surround medium. In other words, current analyses are consistent with a single relation between core radio luminosity and jet power across the mass range from BHXRBs to AGN. This is a remarkable result, and is illustrated in Fig 6. A quick note on the radio:quiet branch of X-ray binaries such H1743-322 ( Fig  5) : it may be that the above relations between radio luminosity and kinetic power are entirely appropriate here, meaning that the jet power is rather lower at high luminosities, but then remains (mysteriously) constant while the source declines in X-ray luminosity by almost two orders of magnitude. It may equally be that for some reason in the 'radio quiet' zone the relation between radio emission and jet power has deviated from the simple relations given above.
In summary, we use simple relations, such as those outlined above, to estimate the kinetic power associated with a given core 1 radio luminosity. It is worth remembering that a lot of hard work has gone into estimating/measuring the normalisations and slopes of samples which result in such an apparently straightforward connection. Something realised early on was that the combination of the kinetic power functions with the observed nonlinear X-ray:radio correlation was consistent with (not proof of) a scenario in which the jet power was scaling linearly with the ac-cretion rate while the X-ray luminosity was scaling approximately as the square of the accretion rate (e.g. Fender, Gallo & Jonker 2003) . This relation between accretion rate and X-ray luminosity fits in turn, roughly, with the scalings proposed for radiatively inefficient accretion flows (e.g. Mahadevan 1997 ). 
Transient jets associated with flares
Major ejection events are associated with bright flares observed in the radio light curve (e.g. Harmon et al. 1995; Fender et al. 1999; Fender, Homan & Belloni 2009; Miller-Jones et al. 2012 ). In some cases we can directly image the components as they move away from the central accretor at relativistic bulk velocities (see Fig 7 for two examples from the powerful jet source GRS 1915+105).
When we can associate a given synchrotron luminosity with a given volume, we can employ a method for estimating the power during the ejection event which has its roots in calculations made over half a century ago by Burbidge (1959) for the radio lobes of AGN. In essence the total energy (which is the sum of the integrated energies in the electrons and magnetic field) can be minimised as a function of the magnetic field. Since this minimum energy is associated with approximate equipartition of internal energy between electrons and magnetic field, it is refered to as the equipartition magnetic field. Longair (1994) gives a clear explanation of the method, and the interested reader is directed there. Repeating some of his useful formulae, a lower limit to the energy associated with a finite volume of synchrotron emitting plasma can be obtained from a simple estimate of the monochromatic luminosity at a given frequency which is associated with that volume:
where η = (1 + β ) and β = ε p /ε e represents the ratio of energy in protons to that in electrons, and assuming p = 2 (where p is the electron distribution index, N(E)dE ∝ E −p ). It is generally accepted that β ∼ 0 and therefore η ∼ 1, but this has not really been observationally proven.
In the more common case where we do not image the source but rather infer its size from the rise time ∆t of an event (i.e. using V = (4/3)π(c∆t) 3 with a flux density S ν originating at an estimated distance d, the formula can be rewritten as
The related mean power into the ejection event: 
and finally, the Lorentz factors of electrons (or positrons) emitting synchrotron emission at a given frequency can be estimated by:
It is therefore rather straightforward to estimate a minimum energy and power associated with a given ejection event. As a strong caveat, it should be noted that the injection timescale could be much shorter than the rise time, which in many models for synchrotron emission is dominated by the evolution from large to small optical depth in the expanding plasmon, which -in the event that all the other assumption were correct -means that the above expression for the power is lower limit. Fig 8 shows a relatively ' clean' radio flare event from the X-ray binary jet source Cyg X-3. The observation is at 15 GHz, has a rise time of ∼ 3500 s, an amplitude of ∼ 200 mJy and Cyg X-3 lies at an estimated distance of ∼ 8 kpc. Using the above approximations we find a minimum energy associated with the event of E min ∼ 5 × 10 40 erg, and a corresponding mean jet power during the event of ∼ 10 37 erg s −1 , many orders of magnitude greater than the observed radio luminosity. The corresponding equipartition field can be estimated as ∼ 0.5 Gauss, in which field electrons radiating at 15 GHz must have Lorentz factors γ ∼ 150. These solutions are illustrated in But we're not finished yet. As already mentioned, it has been established observationally that ejections associated with such flares have bulk Lorentz factors Γ ≥ 2, which means we have to both transform frequencies and timescales back to the rest-frame of the ejecta, and consider the kinetic energy of bulk motion as well as the internal energy in electrons and magnetic field. The kinetic energy is given by:
-i.e. for a bulk Lorentz factor Γ > 2 (by no means unreasonable -see below) kinetic dominates over internal energy. Finally, we may also consider the additional kinetic energy which is associated with the bulk motion of one cold proton for every electron, adding yet more power. However, (i) it could be that the electrons are neutralised by positrons, not protons, (ii) the total mass of protons depends strongly on the lowest energy to which the electron spectrum extends, which is not well measured (and is somewhere that the new low-frequency radio arrays such as LOFAR and MWA can contribute). A set of calculations, with and without bulk relativistic motion and protons, is presented in Fender & Pooley (2000) , and summarised in Fig  10 and Table 1 . For a more recent discussion providing an even fuller and probably more realistic treatment, the interested reader is directed to Zdziarksi et al. (2014a,b) . We further note that in reality, while these discrete major ejections are fascinating and powerful events in their own right, their short duration relative to an entire outburst means Table 1 Calculation of radiative luminosity, equipartition magnetic field, total energy and jet power & mass-flow rate for the IR/mm events presented in Fig 10, given different physical assumptions. Γ is the bulk motion Lorentz factor, f is the 'filling factor'. In these calculations a distance of 11 kpc and Doppler factors for relativistic bulk motion which are the same as those reported in Fender et al. (1999) that their overall contribution is probably less than the intergrated kinectic feedback from the less spectacular (∼ steady) hard state jets (see Section 4).
No jets
In the soft state we do not observe core radio jets at all, implying that the radio luminosity is at least two orders of magnitude (the best limits to date, from Russell et al. 2011) below that observed at the same X-ray luminosity in the hard state.
radio we can estimate that this corresponds a decrease in jet power of at least 100 12/17 ∼ 25. Of course, alternative explanations, rather than a simple decrease in core jet power, may be responsible for the decrease in the core radio flux but this remains, in our opinion, the most likely explanation (see also discussion in Fender, Homan & Belloni 2009).
Winds
The existence of accretion disc winds in black hole X-ray binaries is revealed via X-ray spectroscopy (e.g. Lee et al. 2002) . They are identified by absorption features of mainly Fe XXV and Fe XXVI blueshifted by ∼ 1000 km s −1 (Fig. 11) . Neilsen & Lee (2009) showed that in the powerful jet source GRS 1915+105, an incredibly rich source of data on accretion and jet processes, the wind was strongly and rapidly coupled to the X-ray state, being only present when the source was in (relatively) soft states (Fig. 11) . Ponti et al. (2012) studied this wind -X-ray state coupling in a limited, but significant sample of black hole binaries, finding ubiquitous windtracer absorption lines during the soft states of systems viewed at high inclination, whilst they are not observed in either the hard states of the same sources and lower inclination objects. The latter implies an equatorial geometry for the wind (see also Díaz Trigo et al. 2006). As detailed in Lee et al. (2002) , simple calculations suggest that the wind might play a key role in the accretion process. From the equivalent width (W λ ) of the resonant absorption lines of Fe XXV and Fe XXVI one can estimate the column density N j of every species using the relation:
where f i j is the oscillator strength of the corresponding transition and λ the wavelength (in centimetres). This relation assumes that the lines are not saturated, but in the linear part of the curve growth. The obtained ionization fraction (N Fe XXVI : N Fe XXV ) can be compared with numerical simulations (Kallman & Bautista 2001) in order to infer the ionization parameter (ξ ), which defines the state of an optically thin gas:
where L is the luminosity of the incident radiation, n is the gas density, and r is the distance from the irradiating source (Tarter, Tucker, & Salpeter 1969). In many cases, Fe XXV and Fe XXVI absorption lines are the only iron features in the spectrum (i.e. Hydrogen-like and Helium-like iron), which is a signature of a highly ionized plasma. Indeed, ionization parameters of ξ ≈ 10 4 are typically obtainedcorresponding to temperatures above ∼ 10 6 K -through the above method. From ξ , we can estimate the mass carried away by the wind by simply using:
which can be re-written (using Eq. 17) as:
being m p the proton mass, v wind the outflow velocity and Ω the solid angle subtended by the wind (i.e. Ω 4π is the wind covering factor). Typical values for the wind velocity (v wind ∼ 1000 km s −1 ) and the covering factor (opening angle ∼ 30 • ; Ponti et al. 2012) yieldṀ wind ∼ 10 19 g s −1 , comparable to, if not larger, than the central mass accretion rate inferred from the observed luminosity. Therefore, the corresponding kinetic power carried by the wind would be of the order of L wind ∼ 10 35 erg s −1 , significantly lower than the luminosity radiated (see section 4 below).
Wind outflows more than an order of magnitude larger than the contemporaneous central mass accretion rates have been estimated in GRS 1915+105 (at luminosities close to the Eddington limit) by Neilsen, Remillard & Lee (2011). At least in this case, the properties of the wind (e.g. velocity, column density) are found to be not constant with time in response to just minor changes in the ionizing luminosity.
Soft-state luminosities are generally higher than that of the hard-state; thus, ionization effects might play a role in explaining the observed phenomenology. To test this scenario, simulations assuming power-law irradiation with a photon index of 2 are typically used. They conclude that the observed change in luminosity is not enough to explain the large variation in ionization state required to generate/quench wind-tracer absorption lines if the same absorber material were always present (e.g. Ponti et al. 2012 ). However, a more accurate description of the (different) spectral energy distribution (SED) during the hard and the soft state is required to further confirm this point. This has been done for one neutron star systems that seem to show a similar wind-state coupling (Ponti et al. 2015 ; see also section 6.1) finding consistent results. Similarly, not using self-consistent SEDs when determining the ionization parameter is also one of the main uncertainties involved in the mass outflow rate calculation described above.
The nature of the accretion wind in X-ray binaries is still unknown and more than one mechanism (i.e. type of wind) might be at play. An appealing physical interpretation is provided by the thermal wind scenario (Begelman et al. 1983 ), which is sketched in Fig. 11 . Here, the outflow is produced as a consequence of the strong irradiation suffered by the outer disc, which is heated, increasing the thermal pressure to the point that a wind is driven off. Such a strong irradiation might be suppressed during the hard state, when a geometrically thick inner disc and a jet are present. Indirect evidence for the disc being less irradiated in the hard state have been recently presented in Plant et al. (2014) by studying the evolution of the ratio between Comptonized and reflected emission across the different X-ray states.
Numerical 2D simulations performed by Luketic et al. (2010) give support to thermal winds carrying more mass than that being accreted (up to a factor of ∼ 7), and having a strong angular dependence. However, in some cases other launching mechanisms may play a role. These might be related to the accretion disc magnetic field (i.e. magnetic winds; see e.g. Miller et al. 2006 ) and would imply that the amount of mass carried by the wind could be even larger.
We will see below that, despite this large mass flow, kinetic feedback from the wind is probably not very important in the bigger picture. However, the removal of mass from the disc could potentially have a profound effect on the evolution of outbursts: in the thermal wind scenario sketched above, the duration of the soft state could be strongly limited by mass-loss in the wind, with only the mass within the wind-launching radius at the time of the state transition able to ultimately make it to the black hole.
Feedback throughout an outburst
Given the relations outlined in the previous section, we are now in a position to take radio and X-ray measurements made throughout the outburst of a black hole X-ray binary and use them to build up a picture of how feedback proceeds and accumulates. In the following, we use an outburst of the black hole binary GX 339-4, which took place in 2002, and was well monitored in the X-ray band. In order to smoothly accumulate our functions through the outburst, we used the smoothed, multiple Gaussian fit to the outburst also used in Coriat, Fender & Dubus (2012) . Fig  13 presents this light We take the methods discussed in the previous sections, and combine them with the following assumptions:
1. In the soft state the radiative efficiency η is 0.1, which allows us to calculate the accretion rate directly. 2. At the hard → soft state transition, the radiative efficiency of the hard state is also η = 0.1, ensuring no strong discontinuity in the light curve (but see below), but either remains constant in the hard state (radiatively efficient hard state) or falls linearly with with accretion rate below that in the hard state, such that L X,hard ∝ṁ (radiatively inefficient hard state). This allows us to calculate the accretion rate in the hard state. 3. We further assume that at the hard → soft state transition, the core jet kinetic power is 10% of the radiative output, and falls linearly with the accretion rate, as implied by the observations and the scalings discussed earlier. This is consistent with applying equation [7] to the empirical radio:X-ray correlation for GX 339-4. 4. During the soft state, we assume that three times as much mass is being lost in the accretion disc wind as is being accreted centrally. Fig. 14 The accretion rate estimated as outlined in the text, for the outburst of GX 339-4. The accretion rate during the soft state is converted linearly from the X-ray flux, assuming radiatively efficient (η = 0.1) accretion and no significant bolometric correction. During the hard state the accretion rate is measured via two different approaches. The orange light curve corresponds to radiatively efficient hard states, using the same prescription as for the soft state. The blue light curve corresponds to radiatively inefficient accretion, where η = 0.1 at the hard → soft state transition, but then falls linearly withṁ thereafter (corresponding to L X ∝ṁ 2 ). This approach, which is widely accepted and messes nicely with models for accretion and jet formation, results in a strong discontinuity at the soft → hard state transition, resulting from the fact that the radiative efficiency should drop significantly, and yet no strong step down is observed in the X-ray light curve. The resolution of this issue is not yet clear, but the two hard state curves probably encompass the reasonable range of possibilities.
5. Finally, we assume that following the state transition there is a period of major relativistic ejections, which lasts one day and during which period the jet power is twice the observed X-ray luminosity (or 200 times more powerful than the peak hard state jet, which is at the upper end of power estimates).
In Fig 14 we plot the mass accretion rate, as inferred from the X-ray light curve, under the assumptions of both radiatively efficient and radiatively inefficient accretion in the hard X-ray state. We see that, as mentioned earlier, in the case of a simple switch from L X ∝ṁ to L X ∝ṁ 2 at the soft → transition, there is a strong discontinuity in the inferred mass flow. Fig 15 plots our estimates of the total power in radiation, jets and winds throughout the outburst. The early and final stages of the outburst see the source in a jetdominated state (Fender, Gallo & Jonker 2003) , transitioning to radiation-dominated at or shortly before the state change. A brief period of radio flaring during the state change may exceed the radiation in power, but this is for a very short period and is probably inconsequential in terms of the integrated feedback. The kinetic feedback from the wind, even with a very large mass outflow rate, is orders of magnitude be- Fig. 15 A comparison of the observed X-ray radiative luminosity with the kinetic powers produced by the jet (hard state and state transition) and the wind (soft state). The kinetic power of the wind is extremely small compared to both the radiation and jet kinetic power at their peaks; however it may still play an important role in regulating the evolution of outbursts. Away from the peak of the outburst, the source is predicted to enter 'jet dominated' states where the jet kinetic power exceeds the radiative luminosity (Fender, Gallo & Jonker 2003) .
low the peak radiation and jet powers, and is insignificant for the feedback of kinetic energy to the ambient environment.
So what's the integrated feedback? Fig 16 attempts to illustrate this by comparing the total energy in hard and soft state radiation, and in kinetic feedback in the jet. Before taking these results at face value, recall however, that:
• The kinetic power estimates, especially for the jet, are very uncertain (as you should have learned from reading this review).
• This integrated power does not include the jet-dominated feedback during long periods (years) of quiescence (although it seems likely that feedback is dominated by the outbursts, at least for this type of system and behaviour).
• It may well be that it is far easier, per erg of feedback, for the jets to significantly affect their environments than the radiation (obviously the case if the environment is entirely optically thin).
Where does this leave the energy balance?
Earlier in the review, we discussed how accurate measurement of the feedback terms in equation [4] could potentially lead to estimates of the contributions from black hole spin and advection. However (as forewarned), we see that in the analysis in this section, we are forced to use the observed radiative luminosity to estimate the Note that this figure is for the case of radiatively inefficient accretion in the hard state (c = 2) but the results are not very different for efficient hard state accretion. The right panel summarises the radiative and kinetic feedback integrated over the course of the outburst. Radiation, the dominant fraction of which arises in the soft X-ray state, dominates over kinetic feedback from the jet. The kinetic feedback from the wind is completely insignificant and is not plotted here.
accretion rate, thereby already relegating the spin and advection terms to (assumed) minor significance. It is entirely possible (although theoretically unlikely), that the L advected term is an order of magnitude larger than all the other terms in equation [4] , but we are simply unaware of this due to the (quasi-circular) assumptions made in the above analysis. So the promise of measuring these important terms turns out to have been a bit of an illusion, for now. How might we, in future, try to test these terms?
The rate of mass accretion can, in principle, be estimated from the binary parameters of a system (e.g. Coriat et al. 2012 and references therein). Those estimates seem to support the assumption that, during the phases when most of the matter is accreted, it is done so in a radiatively efficient way (i.e. L advected is a minor term). This conclusion is supported, completely independently, by the 'Soltan argument' where the cosmic X-ray background (a record of accretion onto AGN, peaking 1 ≤ z ≤ 2) can be compared to the local space density of supermassive black holes (e.g. Soltan 1982; Fabian 2012 and references therein).
What about the spin term? At present this also seems likely to be small contributor to the overall energy budget of outbursts. However, its role in producing powerful jets has long been advocated for AGN (see e. It is not at all clear that the jet power estimates, measured from the radio emission, correlate in any way with these reported spins. This conclusion is strongest for the hard state sources, which appear to dominate the overall kinetic feedback during an outburst (Fender, Gallo & Russell 2010 
Applicability to AGN
Does any of this have anything to do with supermassive black holes in AGN, the feedback from which is thought to regulate the growth of galaxies and keep the gas in the centres of clusters hot (e.g. McNamara & Nulsen 2007)? There are some reasons to believe so but, again, this is not proven. (2004) rapidly established a relation which also encompassed AGN when a mass term was considered (and only core, not extended, radio emission was used). This joint discovery of a 'fundamental' plane marked a milestone in connecting feedback from black holes of all masses. In a sense this extended the steady-jet, hard state correlation, from stellar mass to supermassive black holes. Fig 17 presents the fundamental plane in the representation of Merloni et al., with the addition of the detection of radio emission from the nearby stellar mass black hole A0620-00 in quiescence (Gallo et al. 2006) , demonstrating the applicability of the relation from the weakest to the most powerful black hole jets. As already noted, the functions used to approximate the relation between core radio luminosity and intrinsic jet power are also very similar, consistent with being identical.
Power and accretion across the mass spectrum

The disc-jet coupling
In Körding, Jester & Fender (2006) it was argued that, qualitatively, the relation between whether or not an AGN was radio loud and its accretion rate and broadband spectrum was analagous to that observed in stellar mass black holes. Most convincingly, it seems that AGN at relatively low accretion rates (LLAGN) are relatively radio loud (see also e.g. Ho 2002), like the hard state of black hole X-ray binaries. Note that for the X-ray binaries, both the 'intrinsic' and 'global' effects are seen, in the sense that individual sources are observed to move up and down along the overall population (see Fig 5) , formed of multiple sources. To date, the AGN correlation is 'global' only, formed by the population.
This connects the states (at high Eddington ratios) of stellar mass black holes to AGN and is also of great interest, not least because it might well be enough on its own to explain why only ∼ 10% of luminous AGN are radio-loud (e.g. discussion in Sikora, Stawarz & Lasota 2007), since this is approximately the fraction of time spent in radio-loud states during an outburst (as we've seen in Section 4, above). In addition to these population-based comparisons, individual AGN have shown behaviour which appears to be directly comparable to the accretion-outflow coupling in the black hole binary GRS 1915+105. In the case of winds, there is a richer phenomenology and probably broader range of underlying astrophysics, in the case of AGN. The high ionisation in the inner parts of the accretion flow of an X-ray binary mean that fast UV-driven winds, manifest as the broad line region (probably) in AGN, are not present in the stellar mass black holes. There does appear to be a broad anti-correlation between the strongest jet 3C 111 GRS 1915+105 Fig. 18 Qualitatively similar accretion:ejection coupling in an AGN and an X-ray binary. In the left panel, the connection between superluminal ejections, radio and optical flaring, and X-ray dips in the radio galaxy 3C 111 (Chatterjee et al. 2011 ). In the right panel, the connection between radio flares, which we are confident correspond to ejection events, and X-ray dips, in the X-ray binary GRS 1915+105 (Klein-Wolt et al. 2002) . In this source we also see that periods without strong X-ray dips do not produce radio flares, and indeed there is a remarkable, complex and poorlyunderstood phenomenology of radio:X-ray connection in this system (see e.g. review in Fender & Belloni 2004 ).
sources and the presence of winds in AGN, but it is too early to claim that this is analogous to what we see in X-ray binaries. Finally, independent of the connection to jets, there are multiple pieces of evidence that black hole accretion can be scaled across the vast mass range from stellar to the most supermassive, for example in the relation between black hole mass, accretion rate and timing properties (e.g. McHardy et al. 2006) . It is undoubtedly the case that the linked fields of BHXRB and AGN accretion can learn much from each other, and we would encourage each community to (occasionally) review the status of the other.
Comparison to neutron stars -the most important control sample
In the local Universe, neutron stars are more common than stellar mass black holes (factor of ∼ 10), and so are neutron stars in X-ray binaries. They totally dominate the population of persistent systems (i.e. those always active above ∼ 1% L Edd ), and significantly contribute to the transients, the group where the vast majority of black holes are found. It is therefore not surprising that, on a given day, nine of the ten brightest sources in the X-ray sky are accreting neutron stars. These have yielded a wealth of observations that can be equally used to study accretion processes in the strong gravitational field regime (see van der Klis 2006 for a review). However, there are, at least, two basic differences to bear in mind. (i) Neutron star have a surface, where up to 50 % of the accretion luminosity might be radiated (Sunyaev & Shakura 1986 ), and (ii) an anchored magnetic field. The former has a clear impact in their energy spectrum (and thus, colours) and have resulted in a variety of alternative spectral models (e.g. White, Stella & Parmar 1988; Mitsuda et al. 1989 ). On the other hand, although low mass X-ray binaries harbour old, weakly magnetized neutron stars, magnetic fields might still modify the accretion geometry, as can occur in some compact binaries with white dwarf accretors. Indeed, X-ray pulsations are seen on several objects and differences in magnetic field has been one of the classical explanations for the presence of two different X-ray phenomenologies (Hasinger & van der Klis, 1989), which are now more certainly known to be associated with different accretion rates/luminosities (e.g. Lin, Remillard & Homan 2009). Nevertheless, anchored/central magnetic fields are likely to affect outflows properties at some level.
All things considered, it is well established that neutron stars in low mass X-ray binaries share X-ray spectral ( Fig. 3 -as a common framework to study evolution of the accretion flow in both populations. In particular, the hysteresis patterns between hard and soft states, characteristic of black holes, seem to be equally common in neutron star systems accreting below ∼ 30% of L Edd . Brighter systems stay in the soft state, and some of them -probably the brightest -also display soft → hard and hard → soft transitions, with X-ray and radio properties (see below) similar to those observed in black holes (see Fig 19) .
Outflows in Neutron stars
Given the aforementioned similarities between accreting neutron stars and black holes, and the discussed accretion-ejection connexion observed for the latter group,
BH Transients
Variability (rms) one would expect to observe a similar outflow-X-ray state relation in the former. Indeed, radio jets, both in the form of steady outflows and discrete ejections, have been observed in these objects (see Migliari & Fender 2006 for a global study). Steady jets are also associated with the hard state, although for a given X-ray (accretion) luminosity they are (probably, slightly) less powerful than those in black holes. On the other hand, jet emission is only observed to quench during the bright phases of the soft state (e.g. Migliari et al. 2003 ), whilst radio emission seems to be present during faint soft states. As noted in Muñoz-Darias et al. (2014) , this is in agreement with spectral studies (Lin et al. 2007 ) suggesting moderate Comptonization levels during this phase, and with the amount of X-ray variability.
The brightest neutron stars (known as Z sources) can be active radio sources, displaying transient jets very similar to those observed during the hard → soft transitions of black hole systems. In some cases, such as the jets from the neutron star Cir X-1, these can be spectacular Miller-Jones et al. 2012a ), and we should not also forget that a couple of other powerful jet sources, e.g. Cyg X-3 and SS433, might yet turn to harbour neutron stars. The Z sources are (generally) persistent but variable sources, and their behaviour resembles that of the (quasipersistent 2 but variable) black hole GRS 1915+105. As can be seen in Fig. 19 , the ejections seem to occur in a similar region of the luminosity-variability plane. We note, however, that whereas GRS 1915-105 typically sits in the bright hard state making soft excursions that trigger the radio flaring, bright neutron stars are soft state systems making hard excursions resulting in comparable radio behaviour. The reason why neutron stars are not found in bright hard states is unknown.
As it occurs with the jet outflows, the presence of winds in accreting neutron stars is also well established. They have been observed in several objects and share similar properties to those in black holes, including alike absorbers and equatorial geometries (see e.g. Díaz Trigo & Boirin 2013). Recent studies Ponti et al. 2014 ) have also shown that the X-ray state-wind connection observed in black holes might also hold in these objects. In particular, these works show that deep absorption lines, like those typically associated with winds outflows, are present in the X-ray spectra of two systems during the soft state. These features are not present during the hard state of the same sources. To derive more global conclusions, the properties of these winds need to be investigated with higher resolution instruments (e.g. to measure outflow velocities), and from a larger sample of objects. However, we note that some of the systems where winds have been already detected are bright neutron stars (Z sources), and they spend most of their lives in the soft state. Beyond neutron stars, there are hints that similar patterns of disc-jet coupling may occur in white dwarfs. Körding et al. (2009) reported the detection of a radio flare from the cataclysmic variable SS Cyg, which appeared to coincide with a high luminosity state transition, analogous (possibly) to that observed in black holes and neutron stars. This cataclysmic variable also displayed a hysteresis pattern that resembles those typically seen in X-ray binaries.
Conclusions
The astrophysics of accretion and space time around stellar mass black holes is extremely rich and probably our best test of classical general relativity. It is also the subject of a completely different review to this one. Neither, although we are concerned with feedback, have we considered how it works on the largest scales. Rather, what we have attempted to do here is to show how one could -at least in principleuse X-ray and radio observations to measure the total feedback, via radiation, winds and jets, associated with accretion onto these objects. By considering black holes as black box engines, and learning empirically what they do, we can try to extrapolate to understand the past and future flow of heat and energy in the universe.
In this review we have built up the background equations required to make these calculations, and have tried them out on the outburst of a black hole X-ray binary. We see that in terms of energy alone, our best estimates suggest that radiation dominates over kinetic feedback. Within the realm of kinetic feedback, the jet dominates the wind completely. It should be borne in mind, however, that this was for a single outburst of a single source, and -as the reader will have appreciated throughout the earlier sections -the estimator methods are fraught with uncertainties. Intriguingly, although the wind is entirely overshadowed by the jet in terms of integrated kinetic power, it may well dominate the mass flow and therefore regulate the duration of the outburst (and hence the overall feedback). Improved precision of the relations between radio flux and jet power, and between X-ray luminosity and accretion rate, will allow us not only to understand how much power we're going to get from our black hole engine, but also to see how much that engine is growing and being spun up or down. We remain convinced that everything we learn about cycles of accretion and feedback in stellar mass black holes has some relevance to supermassive black hole accretion, and look forward to a future of more communication and cross-fertilisation between the fields.
Finally, we have shown that with every advance in our understanding of the phenomenology of feedback in stellar mass black holes, neutron stars are keeping step. They behave extremely similarly to black holes, but also slightly differently, providing us with undoubtedly the best tests of what may or may not be unique to black holes.
